Staphylococcus aureus 462 is one of three bacteriocin-producing strains selected for study from 200 isolates of staphylococci of animal origin. These bacteriocins are specific in their activity, inhibiting the growth of certain strains of S. aureus and other gram-positive species, but not gram-negative organisms. Staphylococcin 462 was not found in significant concentrations in the supernatant fluid of broth cultures, nor was it released into the suspending liquid when the cells were mechanically disrupted. However, extraction of the cells with 7 M urea resulted in the liberation of much of the activity. The material was purified by gel permeation chromatography by using Sephadex G-200 and by preparative electrophoresis on polyacrylamide gels in the presence of sodium dodecyl sulfate. Chemical analysis showed that the material consisted of roughly 90% protein and 3% lipid. The molecular weight of sodium dodecyl sulfate-dissociated staphylococcin 462 was calculated to be about 9,000.
This investigation is part of a program aimed at characterizing various bacteriocins, especially the staphylococcins, obtained from grampositive bacteria so that they may be compared with each other and with the well-studied colicins. Reeves (11) has recently reviewed the nomenclature, chemistry, genetics, and mode of action of bacteriocins.
In a previous paper (4), the screening of 200 isolates of Staphylococcus aureus for bacteriocin production and sensitivity was described. From these cultures, three producing strains (263, 414, and 462) and three indicator strains (19, 140, and 698) were selected for study. An examination of the bacteriocin isolated from strain 414 revealed that it was a lipoprotein complex chemically similar to membranes isolated from S. aureus (4) . This paper describes the isolation and characterization of another of these staphylococcins, that produced by strain 462.
MATERIALS AND METHODS Source of microorganisms. S. aureus isolates were kindly provided by J. B. Wilson of this department. Cultures were maintained for daily use on brain heart infusion (BHI, Difco Laboratories, Detroit, Mich.) agar slants. Stock cultures were kept in a dried state on porcelain beads (5) . Most of the investigation was done with S. aureus 462, but for comparison certain experiments were performed with S. aureus 414 as well.
Bacteriocin assays. The killing strength of various preparations was estimated by serially diluting the 634 material in BHI broth and then spotting 0.01 ml of each dilution onto sections of an agar plate. After the drops had dried, the surface of each plate was exposed to chloroform vapor for sterilization and was overlaid with indicator cells as described previously (4) . The highest dilution of bacteriocin which inhibited growth, i.e., gave a clear spot in the indicator culture, was considered to contain 1 U of bacteriocin per ml. Thus, the titer of the assayed preparation was the reciprocal of this dilution.
Enzymatic studies. Five enzymes at a concentration of 1 Ficin (3.4.4.12, Nutritional Biochemicals) was used in 0.01 M cysteine-hydrochloride buffer (pH 7.0) containing 0.001 M ethylenediaminetetraacetic acid and 0.15 M NaCl. Staphyloccin was added to each of the buffered enzyme solutions to give a final concentration of 80 U/ml and was then incubated at 37 C for 1 h and assayed. Controls consisting of staphylococcin and buffer alone were also assayed.
Induction of cultures. In an attempt to induce S.
aureus 462 to produce greater amounts of bacteriocin, cultures were exposed to mitomycin C (6) and to ultraviolet radiation (7 (pH 8.6) . Gels (10%, acrylamide:N, N'-methylenebisacrylamide; 30:0.8, wt/wt) were prepared in the same buffer by using 0.025% ammonium persulfate as a polymerizer and 0.05% tetramethylenediamine as an accelerator. Samples for electrophoresis (0.5 to 2.0 ml) were diluted in a buffer consisting of a 1:10 dilution of electrode buffer, 1.0% SDS, and 10% sucrose, and allowed to stand overnight at room temperature before being applied to the column. The gel measured 13 by 120 mm, and electrophoretic separation was continued for 12 h with the current adjusted to 5 mA. Fractions of 3 ml were collected at 12-min intervals and tested for activity and for absorbance at 280 nm by using a Beckman DU-2 spectrophotometer (Beckman Instruments, Inc., Fullerton, Calif.).
The electrophoretic homogeneity of the samples was examined by using the procedure described by Waehneldt (13) , except that a stacking gel was not used. Gels (12%, acrylamide:N,N'-methylenebisacrylamide; 10:0.8, wt/wt) were prepared in 0.03 M Tris-hydrochloride buffer containing 0.1% SDS (pH 8.7). Ammonium persulfate (0.07%) was used as polymerizer, and tetramethylenediamine (0.06%) was used as an accelerator. The upper chamber held 0.05 M Tris-glycine buffer containing 0.1% SDS (pH 8.9), and the lower chamber held 0.1 M Tris-hydrochloride buffer containing 0.1% SDS (pH 8.1). Gels measured 100 by 6 mm. The bacteriocin was dissolved in 0.01 M Tris-hydrochloride buffer containing 0.1% SDS (pH 7.4) and allowed to stand at room temperature overnight. Sucrose was added to a final concentration of 10% to increase the density of the sample before layering onto the gels. A 50-Mliter sample, containing 100 to 300 Ag of bacteriocin, was applied to the column, and the current was adjusted to 5 mA per gel for 4.5 h. After electrophoresis, the gels were immersed for 18 h in 20% sulfosalicylic acid for fixation, stained with 0.25% Coomassie blue for 4 h, and then destained in 7% acetic acid. The molecular weight of staphylococcin was estimated by the method of Dunker and Rueckert (3) using nonenzymatic protein molecular weight markers (Mann Research Laboratories, New York, N.Y.) for calibration.
Analytical methods. Chemical analysis of staphylococcin 462 included nitrogen by the procedure of Koch and McMeekin (8) , phosphorous by the method of Chen et. al. (2), and lipid by the gravimetric procedure of Rude and Goebel (12) . Analysis for carbohydrate was done by the method of Loewus (9) . Protein was determined by the method of Lowry et. al. (10), with bovine serum albumin fraction V (Nutritional Biochemicals Corp.) as the standard.
Permeation of dialysis tubing. Dialysis tubing (Union Carbide, Chicago, Ill.) was sterilized in the autoclave and placed on the surface of a BHI agar plate by using sterile forceps. S. aureus 462 or S. aureus 414 was suspended in soft agar at a concentration of 108 cells/ml and pipetted into the tubing. After incubation at 37 C for 36 h, the sections of tubing were removed, and the agar was overlaid with indicator bacteria suspended in soft agar in the same way as for the bacteriocin assays described earlier. A zone of inhibition indicated that the producing cells released at least some of the bacteriocin in a small-molecularweight, dialyzable form.
Sections of dialysis tubing used in these experiments were tested to assure that their permeability had not been altered by autoclaving or by the growth of the bacteria. The tubes were rinsed out and filled with staphylococcin 462 (160 U/ml) prepared by the extraction procedure. This material had been shown previously to be nondialyzable. Previously unused dialysis tubing was also filled with the staphylococcin as a control. The ends of the tubing were tied off, and the experimental and control tubes were each placed in a cylinder of water. The volume of liquid outside the tubing equaled that within the tubing. After 24 h in the cold, the liquids inside and outside the dialysis tubes were assayed for inhibitory activity. Activity was found only in the liquid inside the dialysis tubes.
RESULTS
Optimization of staphylococcin yield. Cul on October 20, 2017 by guest http://aac.asm.org/ Downloaded from centrifuged at 12,000 x g, and the supernatant liquid was dialyzed against water in a continuous-flow dialysis apparatus for 24 h. After dialysis, the volume was reduced 10-fold by evaporation under vacuum at 50 C. The material was then centrifuged at 41,000 x g for 3 h and the clear, brown supernatant liquid was collected. The material was purified by chromatography on Sephadex G-200 gel. Most of the activity was found in a fraction which eluted at the void volume of the column and was represented by the first absorbance peak (Fig. 1) . A later fraction corresponding to the second absorbance peak contained most of the pigmented material but accounted for less than 5% of the total activity placed on the column. The tube contents corresponding to the first absorbance peak were pooled, dialyzed overnight against continuously flowing water, and concentrated 10-fold by evaporation under vacuum. This material had an activity of 320 U/ml or 32 U/mg (dry weight).
As suggested by its elution at the void volume of the Sephadex G-200 column, the molecular weight of the staphylococcin was too high to permit its penetration into 5% polyacrylamide gels during disc electrophoresis. Treatment with 1% SDS, however, allowed the material to be separated into numerous bands ranging in molecular weight from about 9,000 to 60,000 (Fig. 2) .
The active material obtained by column chromatography was purified further by preparative polyacrylamide gel electrophoresis in the presence of 0.1% SDS. As determined by examining absorbance at 280 nm, the material appeared to be separated into three major peaks plus a number of smaller peaks. The fraction corre- sponding to each major peak was then dialyzed and tested for activity. The fraction represented by the first absorbance peak had a specific activity 3 to 6 times greater than the other two fractions and was later shown to have a molecular weight of about 9,000 (Fig. 2) . After freezedrying, this material was extracted on a fine sintered glass filter with chloroform and ether to remove unbound lipids. This material was called staphylococcin 462 and had a specific activity on S. aureus strain 140 of 60 U/mg. The isolation procedure is summarized in Fig. 3 , and the yields and activities are shown in Table 2 24 h causes no loss in activity, but incubation at 70 C results in a loss of about 90% of the activity in 3 h. Treatment with Pronase under the conditions described caused a 75% loss in activity over a period of 1 h at 37 C (Table 3) . Chymotrypsin and ficin reduced activity by about 50%, whereas trypsin brought about a reduction in activity of only 20 to 35%. The use of lipase had no effect on the activity. 4, 1973 Materials and Methods, showed that no alteration in its permeability had taken place due to autoclaving or to growth of cells. Substituting a non-bacteriocinogenic strain of S. aureus for strain 462 in the above experiment resulted in no inhibition of the indicator strain. Similarly, no inhibition was seen when a nonsensitive strain was substituted for the sensitive strain in the soft agar overlay. Presumably, then, the inhibition was due to bacteriocin and not to the accumulation of waste products or to the lack of nutrients. DISCUSSION An earlier study by Gagliano and Hinsdill (4) established the following differences between the bacteriocins produced by two strains of S. aureus: (i) staphylococcin 414 was released from producing cells by cell breakage, whereas staphylococcin 462 was not; (ii) staphylococcin 414 inhibited 54% of all S. aureus strains tested for sensitivity, whereas staphyloccin 462 inhibited only 6%; (iii) treatment of S. aureus 414 with acridine orange resulted in the loss of bacteriocin production by most of the cells, whereas treatment of strain 462 had no such effect.
Further distinctions between the producing organisms and their bacteriocins have been revealed in this study. The addition of 0.5% mannitol to the culture medium had opposing effects on the bacteriocin titer developed with the two organisms. Bacteriocin production is doubled or nearly abolished, depending upon whether the organism is strain 462 or strain 414, respectively. The reason for the difference in activity remains unknown.
Experiments on isolation showed that staphylococcin 462, like staphylococcin 414, could not be found in significant concentrations in the culture superantant fluid after growth for 24 to 60 h. That the bacteriocin is freely liberated into the cell's environment is evident, however, as the bacteriocin diffuses from a spot of growth on an agar plate to create a wide zone of inhibition (Fig. 4) . In addition, the experiments with dialysis tubing showed that the material as liberated from growing S. aureus 462 or 414 could pass freely through the membrane. As previously suggested (4), failure to recover the material from culture supernatant liquid could indicate that the bacteriocin is quickly inactivated in the broth cultures. Alternatively, the material may have a high affinity for the producing cell surface and for cell debris, resulting in a condition whereby most of it may be pelleted upon centrifugation. The isolation procedures employed for both of these bacteriocins (cell breakage in the case of staphylococcin 414 and extraction with 7 In contrast to staphylococcin 414, which has a chemical composition similar to that of staphylococcal cell membranes and contains nearly 25% lipid (4), staphylococcin 462 is nearly 90% protein and contains less than 3% lipid. Whether this material is part of or closely associated with the cell membrane of the producing cells is not known. The inhibitory ability of isolated membrane preparations has not been tested as yet. The mode of action of staphylococcins 462 and 414 will be reported on separately.
Developing a system of classification for the staphyloccins based on cross-neutralizing reactions with specific antibody appears worthwhile, but earlier attempts to obtain neutralizing antibody to staphylococcin 414 by conventional procedures failed (4) . Conjugation of the low-molecular-weight, SDS-dissociated forms of staphylococcins 414 and 462 to carrier proteins before immunization might well elicit highly specific neutralizing antisera. Antisera of this type could provide the basis for a rapid, sensitive, and much-needed method of identifying staphylococcins, and would also be useful in determining whether one strain can produce more than one bacteriocin.
The low molecular weight of the SDS-dissociated forms of staphylococcins 462 and 414, coupled with the latter's apparent inability to elicit neutralizing antibody in the unconjugated state, has led us to speculate that the staphylococcins might be used in vivo, either singly or in combination, as antibacterial agents.
